Background Cachexia is a complex metabolic and behavioural syndrome lacking effective therapies. Pancreatic ductal adenocarcinoma (PDAC) is one of the most important conditions associated with cachexia, with >80% of PDAC patients suffering from the condition. To establish the cardinal features of a murine model of PDAC-associated cachexia, we characterized the effects of implanting a pancreatic tumour cell line from a syngeneic C57BL/6 KRAS G12D P53 R172H Pdx-Cre +/+ (KPC) mouse. Methods Male and female C57BL/6 mice were inoculated subcutaneously, intraperitoneally, or orthotopically with KPC tumour cells. We performed rigorous phenotypic, metabolic, and behavioural analysis of animals over the course of tumour development. Results All routes of administration produced rapidly growing tumours histologically consistent with moderate to poorly differentiated PDAC. The phenotype of this model was dependent on route of administration, with orthotopic and intraperitoneal implantation inducing more severe cachexia than subcutaneous implantation. KPC tumour growth decreased food intake, decreased adiposity and lean body mass, and decreased locomotor activity. Muscle catabolism was observed in both skeletal and cardiac muscles, but the dominant catabolic pathway differed between these tissues. The wasting syndrome in this model was accompanied by hypothalamic inflammation, progressively decreasing brown and white adipose tissue uncoupling protein 1 (Ucp1) expression, and increased peripheral inflammation. Haematological and endocrine abnormalities included neutrophil-dominant leukocytosis and anaemia, and decreased serum testosterone. Conclusions Syngeneic KPC allografts are a robust model for studying cachexia, which recapitulate key features of the PDAC disease process and induce a wide array of cachexia manifestations. This model is therefore ideally suited for future studies exploring the physiological systems involved in cachexia and for preclinical studies of novel therapies.
Background
Among the direst complications of chronic disease, cachexia is a multisystemic syndrome involving metabolic derangements, lean mass catabolism, and behavioural changes including anorexia and fatigue.
1,2 Cachexia's impact extends beyond its widespread harm to quality of life, and it is estimated to be the direct cause of death in 20-30% of all cancer patients. 3, 4 In addition, cachexia contributes to cancer-associated morbidity by weakening patients to the point they cannot tolerate chemotherapy or surgery. [5] [6] [7] Despite the widespread need for improved cachexia therapies, there remain very few treatments for this condition. 8, 9 To design a therapy that addresses the root causes and manifestations of cachexia, it will be necessary to expand upon understanding cachexia pathophysiology through preclinical modelling. Because cachexia is by definition linked to its underlying disease processes, we sought to create a model fulfilling three criteria: (i) the underlying disease process is known to cause cachexia in humans; (ii) the disease process and resultant cachexia can be induced reproducibly and consistently in a model organism; and (iii) the model recapitulates a maximal number of the systems and processes implicated in cachexia.
With these criteria in mind, an ideal pathophysiological framework for cachexia research is pancreatic ductal adenocarcinoma (PDAC). Among all forms of malignancy, PDAC is among the most highly associated with cachexia, with an estimated 83% of patients suffering from the condition. [10] [11] [12] Furthermore, up to 20% of cancer patients die directly from cachexia, and many more become unable to tolerate chemotherapy regimens or surgery specifically because of decreased performance status associated with cachexia. [13] [14] [15] [16] [17] [18] Murine cachexia research has historically focused on four models: Lewis lung carcinoma (LLC), C26 colorectal adenocarcinoma (C26), patient-derived tumour xenografts (PDX), and genetically engineered mouse models (GEMMs). While these models provided a majority of the current understanding of cachexia, recent studies have highlighted the need for expanding upon and rigorously characterizing experimental methods for studying cachexia. For these reasons, we aimed to generate and establish the cardinal features of a PDAC cell line-induced, syngeneic, immunocompetent murine cachexia model.
To examine PDAC cachexia, we selected a cell line isolated from the PDAC lesion of a C57BL/6 mouse genetically modified to produce oncogenic KRAS G12D and the mutant P53 R172H allele under a pancreas-specific Pdx1-Cre driver (KPC). 19 KPC is one of the best-established murine models of PDAC, recapitulating a common oncogenic mutation in PDAC combined with a common tumour suppressor mutation associated with progression from PanIN III lesions to fulminant PDAC. 20 Using this cell line as a syngeneic KPC allograft, we tested the effects of three different routes of administration: subcutaneous (SQ), intraperitoneal (IP), and orthotopic (OT) pancreatic implantation. Animals were assessed for changes in body composition such as lean mass loss, fat mass loss, muscular atrophy, and neuroendocrine disturbances. In addition, animals were monitored for behaviours including food intake and locomotor activity. Finally, site-specific manifestations of cachexia were assessed throughout a variety of tissues, including the central nervous system, fast-twitch and slow-twitch fibre-enriched skeletal muscle groups, heart, liver, brown (BAT) and white adipose tissue (WAT), and blood.
Methods

Animals
Male and female C57BL/6J mice were obtained from The Jackson Laboratory (cat. #000664) and maintained in standard housing at 26°C and 12 h light/12 h dark cycles. Animals were provided with ad libitum access to water and food (Purina rodent diet 5001; Purina Mills, St. Louis, MO, USA). In the week prior to tumour implantation, animals were transitioned to individual housing to acclimate to experimental conditions. Animal food intake and body weight were monitored daily immediately prior to lights out. All studies were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Oregon Health and Science University.
Cell lines and tissue culture
The original KPC model expresses knock-in pancreas specific conditional alleles KRAS G12D and TP53 R172H via the Pdx1-Cre driver. This model recapitulates PDAC tumour progression but is in a mixed 129/SvJae/C57BL/6 background. Therefore, the original KPC mouse was backcrossed into a C57BL/6 background for nine generations and pancreatic tumours from these mice were harvested to produce primary epithelial KPC lines, which were kindly provided by Dr Elizabeth Jaffee for use in these studies. 19 Cells were maintained in RPMI 1640 supplemented with 10% heatinactivated fetal bovine serum, 1% minimum essential medium non-essential amino acids, 1 mM sodium pyruvate, and 50 U/mL penicillin/streptomycin (Gibco, Gaithersburg, MD, USA), with incubators maintained at 37°C and 5% CO 2 .
Generation of PDAC models C57BL/6 mice aged 7-12 weeks were inoculated subcutaneously, intraperitoneally, or orthotopically with an inoculum of 1 million to 5 million KPC tumour cells, while controls received heat-killed cells in the same volume. Subcutaneous implantation was performed with a 1 mL injection of cell suspension in phosphate buffered saline into the interscapular subcutaneous space under brief isoflurane anaesthesia. IP implantation was performed as a 1 mL injection of cell suspension into the right iliac region, under brief isoflurane anaesthesia. Orthotopic implantation was performed as previously described by injecting 3 million cells in 40 μL into the tail of the pancreas, as defined by the pancreatic tissue immediately adjacent to the lower pole of the spleen, also under isoflurane anaesthesia. 21 
Nuclear magnetic resonance imaging
Nuclear magnetic resonance (NMR) measurements were taken at the beginning of the study for covariate adaptive randomization of tumour and sham groups to ensure equally distributed weight and body composition. Upon development of cachexia, mice were euthanized and subjected to repeat NMR body composition analysis. For serial measurements of adiposity, one cohort was subjected to NMR analysis at time points corresponding to no muscle catabolism, moderate muscle catabolism, and severe muscle catabolism (5d, 7d, and 10d) and at time of sacrifice (11d).
Body temperature and locomotor activity measurement
Body temperature and voluntary home cage locomotor activity were measured via MiniMitter tracking devices (MiniMitter, Bend, OR, USA). Mice were implanted 3 days prior to tumour implantation with MiniMitter transponders in the intrascapular subcutaneous space. Using these devices, body temperature and movement counts in x-axis, y-axis, and z-axis were recorded in 5 min intervals (Vital View; MiniMitter).
Tissue collection and histology
At onset of cachexia or at pre-designated time points, animals were deeply anaesthetised by ketamine cocktail. Formalin-fixed paraffin-embedded histological sections were stained for haematoxylin and eosin. A surgical pathologist blinded to KPC administration group then reviewed them (i.e. subcutaneous, orthotopic, and IP) and scored them as positive or negative for (i) ragged infiltration; (ii) desmoplastic stromal response; and (iii) host inflammatory response. Tumour, brain, gastrocnemius muscle, liver, blood, interscapular BAT, and gonadal WAT were harvested and stored in RNAlater (Ambion Inc., Austin, TX, USA).
Quantitative qRT-PCR
RNA was extracted and purified with RNeasy Mini kits (Qiagen Inc., Germantown, MD, USA) and then reversetranscribed into cDNA with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc, Foster City, CA, USA). qRT-PCR was performed using TaqMan reagents and primer probes (Applied Biosystems Inc, Foster City, CA, USA). Catabolism genes in muscle (muscle atrophy F-box, Mafbx; muscle ring finger 1, Murf1; forkhead box O1, Foxo1), autophagy genes in heart (BCL2 interacting protein 3, Bnip3; cathespin L1, Ctsl1; GABA type a receptor associated protein like, Gabarapl), inflammatory response genes in the brain (interleukin-1 beta, Il-1β; tumour necrosis factor α, Tnfα; interleukin 1 receptor type 1, Il-1r1; arginase 1, Arg1; nitric oxide synthase 2, Nos2; P-selectin, Selp; interleukin-6, Il-6; leukaemia inhibitory factor, Lif), inflammatory response genes in liver (amyloid P component, serum, Apcs; orosomucoid 1, Orm1, Il-1β), and thermogenic and inflammatory genes in WAT and BAT (uncoupling protein 1, Ucp1; interleukin 4, Il-4, Arg1) were compared between tumour-bearing mice and tumour naïve controls by qRT-PCR and normalized to tissueappropriate control genes (18S or beta actin).
Clinical assays
Whole blood counts with white blood cell differential were performed on EDTA-decoagulated samples obtained by cardiac puncture at time of necropsy using HemaVet 950 (Drew Scientific). Serum hormone assays were performed by the University of Virginia Ligand Assay and Analysis Core (URL: https://med.virginia.edu/research-in-reproduction/ligand-assayanalysis-core/). Testosterone was assayed in duplicate using IBL Mouse and Rat Testosterone Kit (catalogue IB79174, range 10.0-1600 ng/dL, and sensitivity 10 ng/dL). Blood glucose was measured immediately prior to euthanasia with electronic glucometer (OneTouch Ultra).
Statistical analysis
All reported studies are representative of three or more independent experiments, each with a minimum sample size of four per group. For comparison between tumour and control groups, data were assessed by Student's t-test or analysis of variance (Prism 6.0; GraphPad Software). Longitudinal variables in each route of administration were binned into the categories of pre-cachexia and cachexia on the basis of anorexia. Cachexia is here defined as the interval beginning with 2 consecutive days with an average food intake difference >10% and pre-cachexia as the interval between implantation and cachexia onset. Post hoc multiple comparisons tests were applied if a significant difference was present during the binned interval (pre-cachexia or cachexia). Bonferroni with baseline alpha 0.05 was used for multiple comparison tests to determine at which time points the KPC and control groups were significantly different.
Results
KPC allografts result in anorexia and body composition changes consistent with cachexia KPC allografts lead to sickness behaviours, weight loss, and mortality, consistent with both PDAC and cachexia. The trajectory of illness follows a staged and reproducible series of manifestations, with onset of anorexia at 5-8 days and mortality at 11-14 days post-inoculation ( Figure 1 ). All three routes of implantation resulted in rapid tumour growth without evidence of graft rejection. Despite being a robust route of administration for other models of cancer cachexia, subcutaneous implantation of KPC typically reaches tumour Figure 1 Food intake, body weight, and body composition changes in KPC-induced cachexia. Dotted line demarcates cachexia stage as defined by continued presence of anorexia. Food intake throughout post-implantation phase, cumulative food intake during cachexia phase, and body weight over post-implantation phase in (A) subcutaneous, (B) intraperitoneal with male subjects, (C) intraperitoneal with female subjects, and (D) orthotopic routes of administration. Body composition changes were characterized with regard to lean mass (E) and adiposity (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. burden end point (tumour volume in excess of 10% of body weight) prior to the onset of late-stage cachexia ( Figure 1A ). Although this was a consistent finding in younger animals, we did see an exception in an older female cohort, in which subcutaneous tumour implantation resulted in relative decreases in cumulative food intake in the final 7 days from 1454 ± 24 mg/g body weight in controls to 1011 ± 14 mg/g body weight in tumour-bearing animals (P < 0.0001, n = 4 per group). In this route of administration, tumour-bearing animals gained weight overall because of progressive increases in tumor mass (F(1,60) = 67.15, P < 0.0001, n = 4 per group) (Supporting Information, Figure 1 ). In contrast, IP tumour growth in males consistently resulted in anorexia within 8 days, with relative reductions in cumulative food intake over the final 6 days from 663.8 ± 21.8 mg/g body weight in controls to 434.0 ± 35.2 mg/g body weight in tumour-bearing animals (P < 0.001, n = 4-5 per group), despite unchanging total body weight ( Figure 1B ). In females, IP tumour growth resulted in anorexia within 9 days and reduced food intake over the final five days from 655.2 ± 9.2 mg/g body weight in controls to 437.4 ± 30.3 mg/g body weight in tumour-bearing animals (P < 0.0001, n = 5 per group), despite stable total body weight ( Figure 1C ). Similarly, orthotopic tumour growth resulted in a reduction in cumulative food intake over the final 5 days from 549.7 ± 21.3 mg/g body weight in controls to 369.4 ± 20.6 mg/ g body weight in tumour-bearing animals (P < 0.001, n = 5 per group), without a change in total body weight ( Figure 1D ). The anorexia resulting from IP and orthotopic tumour implantation typically exceeds that seen in subcutaneous tumour implantation, in both time of onset and degree of severity.
Given that KPC-engrafted animals gain weight from tumour growth while losing weight from tissue catabolism, NMR body composition analysis was used to determine the degree of lean and adipose tissue loss. The tumour-free lean mass is defined as the lean mass measurement on NMR minus the tumour mass at necropsy, given that PDAC tumour volume is detected as lean mass on NMR. While control male mice gained 4.5 ± 2.7% lean mass over the course of 13 days, male mice implanted IP with KPC lost 5.9 ± 3.0% tumour-free lean mass (P < 0.05, n = 4-5 per group; Figure 1E ). Similarly, control female mice gained 7.7 ± 2.6% lean mass over the course of 13 days, while female mice implanted IP with KPC lost 5.8 ± 3.4% tumour-free lean mass (P < 0.05, n = 5 per group; Figure 1E ). In addition to lean mass wasting, KPC produces marked adipose tissue wasting. Control male mice gained 2.2 ± 9.0% fat mass over the course of 13 days, whereas male mice implanted IP with KPC lost 69.0 ± 6.6% fat mass (P < 0.0001, n = 4-5 per group; Figure 1F ). Control female mice gained 3.5 ± 8.4% fat mass over the course of 13 days, while female mice implanted IP with KPC lost 52.6 ± 12.8% fat mass (P < 0.01, n = 5 per group; Figure  1F ). Overall, wasting in the KPC model is observed in both lean and adipose tissue compartments and does not significantly differ between sexes.
Decreased locomotor activity is an early and consistent feature of KPC-induced cachexia
Fatigue and lethargy are among the most significant and least therapeutically addressed manifestations of cachexia, and it is therefore important that cachexia models recapitulate these traits. In alignment with this aspect of cachexia in pancreatic cancer patients, decreased locomotor activity (LMA) is an early manifestation of KPC-induced cachexia. Analyses of LMA were subdivided into 12 h light and dark cycles, corresponding to sleep and wake cycles, respectively. In KPC-engrafted males, the cumulative sum of average wake cycle counts per hour during anorexia-defined cachexia decreased from 788 ± 26 to 458 ± 42 in tumour-bearing animals relative to controls (P = 0.0002, n = 4-5 per group; Figure 2A ), with no changes in sleep cycle LMA. In KPC-engrafted females, the cumulative sum of average wake cycle counts per hour during anorexia-defined cachexia decreased from 707 ± 55 to 370 ± 37 in tumour-bearing animals relative to controls (P = 0.001, n = 5 per group; Figure  2C ). In addition, KPC-engrafted females exhibited decreased LMA during sleep cycle, with a decrease from 373 ± 27 to 266 ± 23 in tumour-bearing animals relative to controls (P = 0.02, n = 5 per group; Figure 2D ). The onset of activity loss is sexually dimorphic: females decrease LMA within 7-8 days of tumour growth, whereas males do not exhibit significant losses in LMA until 9-10 days of tumour growth. Furthermore, only females demonstrate a decrease in sleep cycle LMA. It is important to note that in females, a decrease in LMA is the first measurable behavioural change in KPC-induced cachexia and precedes anorexia by up to 2 days.
In contrast, males demonstrate a simultaneous onset of anorexia and decreased LMA.
KPC allograft gross and microscopic features
The three routes of administration each resulted in distinct patterns of tumour growth, with particularly strong differences between the subcutaneous group vs. the IP and orthotopic groups. Subcutaneously implanted KPC cells formed only primary tumour masses isolated to the site of injection, with well-defined borders. Orthotopic KPC implants into the pancreas show ragged infiltration and patchy gross morphology. This type of IP transplantation did not lead to seeding of other peritoneal surfaces, or metastases to other organs. In contrast, IP implantation of KPC led to multifocal tumour growth on peritoneal surfaces, but with the majority of tumour growth localized to the pancreas. Haemorrhagic ascites were variably present in IP and orthotopic tumour models. Interestingly, tumour growth was sexually dimorphic, with males developing larger tumour masses than female animals (Supporting Information, Figure 2 ).
Histological sections strengthened these gross observations. The PDAC was moderate to poorly differentiated with conspicuous mitotic figures and coagulative tumour cell necrosis. In the subcutaneous allografts, tumour cells were arranged in nodules with well-circumscribed borders. There was minimal desmoplastic change to the stroma and no conspicuous host inflammatory response (Figure 3 ). In contrast, the orthotopic and IP allografts showed ragged tumour infiltration of the pancreas and a marked acute and chronic inflammatory host response. Because IP administration reliably induces pancreatic tumour growth without requiring surgery, we chose to further characterize the IP model using a systems-based approach.
Skeletal and cardiac muscle catabolism in KPC-engrafted animals proceeds through distinct mechanisms and are not sexually dimorphic Two key subsets of muscle tissue, skeletal and cardiac, were examined in KPC-engrafted mice at end-stage cachexia. KPC tumour burden resulted in a progressive decrease in gastrocnemius weight, with no changes at day 5, a decrease from 5.23 ± 0.21 to 4.86 ± 0.13 mg/g initial body weight at day 7 (P < 0.05, n = 5 per group) and a further decrease from 5.09 ± 0.17 to 4.15 ± 0.22 mg/g initial body weight at day 10 (P < 0.0001, n = 5 per group) ( Figure 4A ). Late-stage KPCengrafted animals demonstrated a decrease in heart weight from 126.7 ± 3.0 to 95.7 ± 5.1 mg in males (P < 0.001, n = 4-5 per group) and 96.9 ± 3.8 to 76.9 ± 2.1 mg in females (P = 0.0019, n = 5 per group) ( Figure 4B ). In addition, animals sacrificed in mid-stage cachexia 2 days following the onset of anorexia demonstrate muscle loss in the fast-twitch fibre dominant muscles gastrocnemius, tibialis anterior, and quadriceps and, to a lesser extent, the slow-twitch fibre dominant muscle soleus ( Figure 4C ). Skeletal muscle catabolism was driven by a combination of E3 ubiquitin ligase induction and autophagy, both of which increased in a time-dependent manner ( Figure 4D ). By end stage, gastrocnemius catabolism in KPC-bearing animals vs. controls coincided with a 21.2 ± 3.4-fold relative increase in gene expression of catabolic E3 ubiquitin ligase Mafbx, a 27.9 ± 9.2-fold increase in Murf1, a 4.80 ± 0.85-fold increase in Foxo1, a 5.39 ± 0.82-fold increase in autophagy gene Bnip3, a 4.82 ± 0.72-fold increase in Ctsl, a 7.8 ± 1.3-fold increase in Gabarapl, and a 7.5 ± 1.9-fold increase in adhesion molecule Selp (P < 0.01 for all, n = 4 per group) ( Figure 4D ). Cardiac atrophy in both sexes was accompanied by increased autophagy-related cardiac muscle gene expression of Bnip3, Ctsl, and Gabarapl, with relatively less induction of Mafbx and Murf1 than skeletal muscle, and similar up-regulation of Selp ( Figure 4E) . 22 Gene expression analysis comparing gastrocnemius, tibialis anterior, and quadriceps with soleus demonstrated relative sparing of slow-twitch muscle from activation of the ubiquitin proteasome and autophagy catabolic pathways during mid-stage KPC cachexia ( Figure 4F ).
KPC engraftment results in hypothalamic inflammation and activation of the hypothalamicpituitary-adrenal axis
A large body of evidence demonstrates that the hypothalamus is a critical driver of cachexia, transducing systemic inflammatory messages stemming from acute and chronic disease processes into a local and paracrine inflammatory response in the central nervous system. [23] [24] [25] Consistent with this evidence, KPC induces an array of genes responsive to inflammatory stimuli in the hypothalamus. Compared with controls, tumour-engrafted animals demonstrated a 3.39 ± 0.66-fold increase in Il-1β (P < 0.001), a 4.5 ± 1.1-fold increase in Il-4 (P < 0.01), a 2.79 ± 0.11-fold increase in Il-1r1 (P < 0.0001), a 43.1 ± 7.6-fold increase in Selp (P < 0.001), a 2.63 ± 0.16-fold increase in Arg1 (P < 0.01), and a 1.56 ± 0.17-fold increase in Nos2 (P < 0.01) (n = 6 per group) ( Figure 5A ). However, there were no differences in hypothalamic gene expression of the gp130 cytokines Il-6 and Lif. The induction of inflammation is most pronounced in the hypothalamus and is not observed in other brain structures such as the cerebral cortex ( Figure 5B ). In alignment with previous findings that muscle atrophy during inflammatory stimuli is mediated by hypothalamicpituitary-adrenal activation, end-stage KPC-engrafted animals demonstrate a 1.77 ± 0.19-fold increase in hypothalamic expression of corticotropin-releasing hormone (P < 0.05) ( Figure 5C ). 22, 26 KPC tumour progression induces loss of brown adipose tissue and white adipose tissue thermogenesis, accompanied by decreased core body temperature
An important mechanism seen in other subtypes of cancer cachexia, including LLC and C26 models, is energy loss through increased sympathetic nervous system outflow. In KPCengrafted animals, core body temperature remained relatively constant until end-stage cachexia, with both light and dark cycle body temperature declining significantly in the last 2-3 days of illness ( Figure 6A and B) . End-stage cachexia was associated with severe depletion of BAT volume at necropsy (Supporting Information, Figure 3) . Although BAT Ucp1 expression did not differ significantly from controls at day 5, KPC-engrafted animals demonstrated a 52.27 ± 10.69% decrease at day 7 (P < 0.05, n = 5 per group) and an 88.19 ± 0.03% decrease at day 10 (P < 0.0001, n = 5 per group) ( Figure 6C ). Total adipose tissue in KPC-engrafted animals, however, underwent rapid loss over the course of the disease process, with significant changes detectable as early as 7 days (P < 0.0001, n = 5-7 per group) ( Figure 6D ). WAT demonstrated a 76.82 ± 10.73% decrease of Ucp1 gene expression during end-stage illness (P < 0.05, n = 6 per group) ( Figure 6E ). Loss of Ucp1 in WAT from KPC-engrafted animals was accompanied by an increase in markers of alternatively activated macrophage infiltration, with an 8.98 ± 2.27-fold up-regulation of Il-4 (P < 0.01, n = 6 per group) and a 25.24 ± 5.12-fold upregulation of Arg1 (P < 0.001, n = 6 per group) ( Figure 6F ).
KPC allografts result in a systemic inflammatory response spanning multiple organ systems
The liver is extensively involved in systemic inflammatory responses to acute and chronic stimuli, contributing to cachexia by producing pro-inflammatory signals and consuming amino acids for acute-phase protein synthesis. We specifically examined the acute-phase proteins pentraxin 2/APCS, which in mice serves an analogous role to C-reactive protein in humans, and Orm1, which has recently been shown to have anorexigenic properties. 18, 27, 28 In males, KPC induced a 34.42 ± 6.89-fold increase in Apcs (P < 0.001, n = 4-5 per group) and a 6.61 ± 0.32-fold increase in Orm1 relative to controls (P < 0.001, n = 4-5 per group) ( Figure 7A ). In females, KPC induced a 8.07 ± 0.87-fold increase in Apcs (P < 0.0001, n = 5 per group) and a 5.30 ± 1.22-fold increase in Orm1 (P < 0.01, n = 5 per group) ( Figure 7A ). In addition to hepatic synthesis of acute-phase proteins, the pro-inflammatory , and representative fast-twitch and slow-twitch muscles of the hindlimb (F). *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001; asterisk, significantly different vs. matched muscle control; currency sign, significantly different vs. KPC tibialis anterior; black star, significantly different vs. KPC gastrocnemius; black diamond, significantly different vs. KPC quadriceps.
cytokine Il-1β was induced 5.76 ± 0.63-fold in KPC-engrafted males relative to controls (P < 0.0001, n = 4-5 per group) and 5.39 ± 0.77-fold in KPC-engrafted females relative to controls (P < 0.001, n = 5 per group) ( Figure 7B ). The spleens of KPC mice demonstrated consistent enlargement at necropsy, with an average weight of 183 ± 22 mg in tumour-bearing mice vs. 70 ± 6 mg in controls (P < 0.05, n = 5 per group) ( Figure 7C ).
KPC allografts result in anaemia and neutrophil-dominant leukocytosis
One possible contributing mechanism of fatigue and cardiovascular strain in cancer cachexia is that chronic inflammation can result in anaemia of chronic disease via liver and bone marrow signalling. 29, 30 Consistent with a systemic inflammatory state, KPC tumour burden results in a marked neutrophil-dominant leukocytosis (P < 0.001) with increases in other innate immune cells including monocytes (P < 0.01) and eosinophils (P < 0.01) (Supporting Information, Figure 4A ). Other haematological abnormalities included decreased haematocrit, erythrocytes, and platelets (P < 0.05). Although baseline haematological parameters were different between male and female animals, the observed anaemia and leukocytosis in KPC-engrafted animals of both sexes were indistinguishable. (Supporting Information, Figure 4B ).
KPC-induced cachexia is associated with severe loss of circulating testosterone, without other detectable endocrine changes
Cancer cachexia is associated with neuroendocrine dysregulation, particularly in the hypothalamic-pituitaryadrenal and hypothalamic-pituitary-gonadal axes. 22, 31, 32 KPCengrafted males demonstrated marked hypogonadism, with a loss of >97% of free testosterone relative to controls at time of sacrifice (P < 0.01) ( Figure 8A ). While KPC-engrafted females also demonstrated slight decreases in serum-free testosterone, this difference did not reach statistical significance (P = 0.13). Unlike testosterone, accurate assessment of serum estradiol concentrations requires simultaneous cycling of female animals, which was not implemented in this study. Importantly, blood glucose concentrations at time of sacrifice were not elevated in KPC-engrafted mice, demonstrating that tumour growth did not result in diminished insulin secretion or diabetes as a mechanism of wasting ( Figure 8B ).
Discussion
A key rationale for characterization of the murine KPC model in the context of cachexia is that PDAC is one of the most cachexia-associated forms of cancer, with >80% of patients afflicted over the course of their illness. PDAC is also among the deadliest forms of cancer, with a 93% mortality rate in 5 years following diagnosis. [33] [34] [35] [36] Current approaches to treating PDAC include cytotoxic chemotherapy, ionizing radiation, and surgical resection. 37, 38 One possible reason these therapies are unsuccessful in achieving long-term survival is that they fail to treat cachexia, which is a key underlying cause of PDAC morbidity and mortality. [10] [11] [12] 39 Even PDAC tumours of exceptionally small size are capable of inducing the widespread physiologic, metabolic, and behavioural changes that define cachexia. 6, 33, 40 Therefore, PDAC is a critical priority in cachexia research, and more effort must be directed toward elucidating molecular mechanisms and therapeutic targets in PDAC cachexia. Here, we demonstrate that syngeneic KPC allografts recapitulate key features of PDAC and induce a wide array of cachexia manifestations, including anorexia, decreased LMA, skeletal and cardiac muscle wasting, hypothalamic inflammation, and systemic inflammatory responses involving haematological and endocrine perturbations. Overall, this is an accurate and reproducible model of PDAC-induced cachexia and provides significant strengths relative to existing models.
In alignment with other cachexia models, we demonstrate muscle catabolism is a key aspect of KPC cachexia. Muscles with a high preponderance of fast-twitch fibres, that is, gastrocnemius, tibialis anterior, and quadriceps, were selected for skeletal muscle analysis because they are particularly susceptible to wasting in inflammatory states. Indeed, KPC tumour growth induced tissue atrophy in all three of these muscle groups, corresponding to high expression levels of the ubiquitin ligases MAFBx and MuRF1 and their transcriptional inducer FOXO1. While there was also a minor decrease in the mass of soleus, a muscle enriched with type I slow-twitch fibres, the atrophy was of a lesser magnitude and corresponded to a blunted induction of catabolic gene programming relative to fast-twitch Figure 6 Body temperature decreases in conjunction with black adipose tissue and white adipose tissue UCP1 expression during KPC tumour progression, in conjunction with M2 macrophage activation in white adipose tissue. (A) Core body temperature in wake and sleep cycles in KPC vs. control males, (B) core body temperature in wake and sleep cycles in KPC vs. control females, (C) black adipose tissue gene expression of Ucp1 at 5, 7, and 10 days of KPC tumour progression relative to control, (D) longitudinal assessment of body fat mass by nuclear magnetic resonance imaging over the course of 0-11 days in KPC vs. control animals, (E) white adipose tissue Ucp1 expression at 10 days of KPC tumour progression vs. control. (F) White adipose tissue Arg1 and Il-4 expression at 10 days in KPC vs. control. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Figure 7 KPC tumour progression results in systemic inflammatory responses in hepatic tissue and spleen. (A) Relative hepatic gene expression of acute phase proteins pentraxin 2 (Apcs) and Orm1 in control and KPC males and females (B) relative hepatic gene expression of Il-1β in KPC males and females, and (C) spleen weight at necropsy in KPC vs. control. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. enriched muscles. Furthermore, the adhesion molecule P-selectin (SELP) was up-regulated in fast-twitch skeletal muscle, consistent with previous findings in rats bearing 3-methylcholanthrene (MCA) sarcoma. 41 We also found an increase in the expression of autophagy genes in skeletal muscle, corroborating previous clinical evidence that this pathway of catabolism is a key contributor to lean tissue loss. 42 In addition to skeletal muscle, cardiac muscle is often profoundly catabolic and functionally compromised by cancer cachexia. [43] [44] [45] Cardiac dysfunction is independently associated with substantial morbidity and mortality in cachexia, and its mechanistic underpinnings are therefore an important topic of investigation. Cardiac muscle catabolism in cachexia has previously been linked to induction of autophagy and variably to expression of atrophy-associated ubiquitin ligases. 46, 47 Our data establish that the KPC model is similar to other cachexia models by producing skeletal muscle catabolism by E3 ubiquitin ligase activation and cardiac muscle catabolism via autophagy, but that both pathways are active in both tissue subsets. The importance of autophagy to both skeletal and cardiac muscle in this model is in alignment with recent work demonstrating that megestrol acetate ameliorates lean mass loss in skeletal and cardiac muscle via inhibition of autophagy. 48 In addition to muscle wasting, these data establish that KPC is a highly inflammatory disease state spanning multiple systems. One key site of inflammation in this model is the liver. Our data demonstrate a robust and sexually dimorphic up-regulation of pentraxin 2/APCS, the functional murine equivalent of C-reactive protein in human. C-reactive protein and APCS are induced in response to a variety of inflammatory stimuli primarily via IL-6, serving a key role in acute-phase responses. 27, 28 We also found that KPC increases hepatic expression of Orm1, another key acute-phase reactant in both mouse and human known to serve numerous important roles in energy balance, immunity, and capillary barrier modulation. Furthermore, ORM1 is of metabolic and behavioural importance because it induces anorexia via leptin receptor signalling in the arcuate nucleus of the hypothalamus. 18 In mice, ORM1 is primarily synthesized by the liver and is the only ORM isoform induced in response to inflammatory stimuli. The induction of both Apcs and Orm1 indicates that KPC tumours induce a systemic inflammatory response and production of anorexigenic signalling proteins. Finally, we show that hepatic IL-1β is induced in both sexes during KPC tumour growth, thereby establishing that the liver is a key site of multimodal inflammatory signalling in this model. Interestingly, we observed an up-regulation of SELP in functionally diverse tissues throughout the body, ranging from cardiac and skeletal muscle to the hypothalamus. This provides further mechanistic support to previous evidence that SELP polymorphisms are correlated with cachexia phenotype in clinical populations. 41, 49 One key way in which the KPC model differs from existing cachexia models is that it does not induce Ucp1 gene expression in BAT or WAT. Many studies have examined the role of increased sympathetic outflow in cachexia as a means of energy loss. The relevance of this mechanism is underscored by the ameliorative effects on sarcopenia and cachexia observed with the anabolic catabolic transforming agent espindolol, which acts as a nonspecific beta-1 and beta-2 adrenergic receptor antagonist. 50, 51 Sympathetic outflow increases can manifest as 'browning' of WAT or an increase of BAT activity through increased expression of genes such as Ucp1.
52,53 UCP1 acts as an uncoupler of mitochondrial electron transport, which shifts adipocyte metabolism to increase thermogenesis while decreasing ATP synthesis, thereby increasing energy expenditure and lipid mobilization. The energy loss is not accompanied by increased core body temperature, even in thermoneutral conditions. 52 While we demonstrate a similar pattern to these prior experiments in regard to loss of body temperature in late-stage cachexia, we found a loss in Ucp1 in all adipose tissue rather than an increase. This may reflect that browning is a very early manifestation in cachexia that does not persist through end-stage disease or that energy wasting via adipose tissue browning may not be a contributing factor in all aetiologies of cachexia. The finding that the BAT was severely depleted at both mid-stage cachexia and late-stage cachexia in this model argues for the former explanation and suggests that sympathetic activation may occur early in the disease course. This model importantly demonstrates that loss of adipose tissue is an early and defining event in the progression of KPC cachexia, occurring simultaneously with or prior to muscle catabolism. This corroborates previous investigations in both patient populations and murine models demonstrating that altered fat metabolism is a widespread and potent contributor to cachexia pathophysiology. 54, 55 While commonly used preclinical murine models of cachexia such as LLC, C26, PDX, and GEMMs are clearly useful, each has substantial weaknesses. For example, implantation of LLC cells into syngeneic C57BL/6 mice provides a useful model for cachexia in lung cancer patients. However, this cell line was first isolated in 1951, and its wide use and inherent genomic instability has produced many distinctly heterogeneous subclones. As a result, LLC subclones range from highly cachexigenic to virtually unable to produce cachexia and vary in the ability to induce WAT browning. 53, 56, 57 While C26 is also a very robust model, it is strongly dependent on IL-6 and leukemia inhibitory factor (LIF) signalling in a mechanism that applies to some, but not all, cancer patients. 58, 59 Corroborating this mechanism, IL-6 blocking therapies demonstrated clinical utility in a case series of cancer patients with extraordinarily high IL-6 levels. 60, 61 However, given IL-6 is not elevated in all forms of cancer cachexia and therefore not a universal driver, other models are needed to investigate IL-6-independent mechanisms. Patient-derived tumour xenografts are useful for their ability to test unique tumour cases, as well as investigate correlations between patient phenotype and murine cachexia outcomes, but require immunosuppression and are likely to lose a substantial proportion of signalling events due to the lack of species protein homology. Finally, GEMMs are variable with their time to spontaneous tumour formation and often demonstrate metabolic and behavioural abnormalities as a result of their genetic background. Further information on these cachexia models and others not discussed here, including the rat models Yoshida ascites hepatoma (YAH-130) and Walker 256 carcinosarcoma (Walker 256) and the murine MAC 16 adenocarcinoma (MAC16), are detailed elsewhere in a recent review. 62 In addition to the tumour-specific issues discussed earlier, the development of reliable preclinical models of cachexia is further hampered by the lack of standardization of key experimental details and measured outcomes. Therefore, recent efforts have focused on establishing standardized protocols for use of preclinical cachexia models and the characterization of their phenotypes, including a particularly robust study describing use and analysis of the C26 model. 63 Such details as the initial inoculum cell counts, site of implantation, and details of animal husbandry (e.g. diets, sex, and housing conditions) do not follow general consensus guidelines, but these details are nonetheless critical to interpreting experimental outcomes. For example, despite the common rodent laboratory housing temperature at 21°C (room temperature), the thermoneutral zone of mice ranges from 26°C during the active phase to over 30°C during the resting phase. 64, 65 Housing in relatively cold environments, particularly when animals are individually housed (as is common for cachexia studies), leads to a variety of stress responses and overt changes in inflammation and immune function. 66 For example, mice demonstrate altered behavioural and immune responses to lipopolysaccharide and have altered tumour growth and anti-tumour immune responses when housed in sub-thermoneutral environments. 67, 68 For these reasons, the KPC model was characterized with cage temperatures measured at 26°C and with adequate materials (nestlets) for thermoregulation. This combination avoids heat stress during the active phase but facilitates normal immune function and minimizes stress. [64] [65] [66] Other environmental considerations in this study included a week long period of adaptation to novel environments and single housing prior to study initiation, regular handling in advance of the study to reduce stress associated with investigator interactions, and multiple sources of enrichment known to reduce stress in lab animals (Enviro Dri, nestlets). 69 Environmental design shortcomings of this study included that animals were individually housed in order to obtain individual LMA and food intake readings, despite the preference of mice to be group-housed. However, grouphoused animals implanted with KPC did not demonstrate significant difference in onset to cachexia compared with singly housed animals, making it likely that this stressor was at most a minor contributor to the observed disease process (data not shown).
Another relatively understudied aspect of cachexia is sexual dimorphism. Clinical observations demonstrate that males are more adversely affected by cachexia than females, especially with regard to body weight, muscle mass, and muscle strength. Importantly, the rate of muscle wasting and weight loss correspond to survival in cancer patients, 70, 71 and males experience an increased degree of catabolism and an increased mortality risk in many different subsets of cancer. [72] [73] [74] In the C26 model of cancer cachexia, male mice experience greater body weight loss, loss of skeletal and cardiac muscle, and mortality than tumour-bearing females because of the protective effects of oestrogen receptor signalling. 46 Our model demonstrates for the first time that LMA changes are sexually dimorphic and in females are the first behavioural signal of cachexia onset. In contrast to other cachexia models including C26, KPC-engrafted female animals do not demonstrate protection against cardiac muscle wasting or autophagy, despite smaller overall tumour burden. Because estradiol is highly dynamic across the estrus cycle, and animals in this study were not simultaneously cycled, it was not possible to accurately assess whether hypogonadism could explain the relative lack of protection from cachexia in female KPC animals. Additional work will be necessary to determine whether hypogonadism or alternative inflammatory signalling can explain the lack of protection from cardiac wasting in KPCengrafted females compared with other cachexia models.
In sum, the syngeneic KPC graft model provides a platform for further in-depth investigations of cancer cachexia. Future experiments will be essential to examine these manifestations using a cancer cachexia staging approach, given that an ideal therapeutic for cancer cachexia will be administered alongside other disease interventions at an earlier stage of illness. A particularly useful framework for this is the International Consensus Criteria, such that the parameters described in this study will be examined during pre-cachexia, cachexia, and refractory cachexia stages. 5 Finally, this model will be of benefit for preclinical drug testing for both cachexia and PDAC interventions. Overall, this model adds substantially to experimental approaches to cancer cachexia with a specific focus on PDAC and will serve as a valuable resource for a wide variety of basic and translational approaches in future studies.
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Data S1. Supporting info item Figure S1 . Food intake and body weight changes in an older female cohort demonstrating subcutaneous KPC-induced cachexia. Dotted line demarcates cachexia stage as defined by continued presence of anorexia. Food intake throughout post-implantation phase, cumulative intake during cachexia phase, and body weight over post-implantation phase in subcutaneous routes of administration in a 4-month old female cohort. *, P < 0.05; **, P < 0.01; *** P < 0.001; ****, P < 0.0001. Figure S2 . Tumour burden at necropsy in male and female animals. Total tumour size at time of end-stage cachexia in males and females in the same experiment implanted with intraperitoneal KPC. *, p < 0.05 Figure S3 . Gross appearance of BAT at necropsy. Figure S4 . KPC engraftment results in hematologic changes including anaemia and neutrophil-dominant leukocytosis. (a) Complete blood count with differential during end-stage cachexia in males with IP KPC vs. controls, and (b) complete blood count with differential during end-stage cachexia in males vs. females with IP KPC. *, P < 0.05; **, P < 0.01; *** P < 0.001.
